Local clay (bentonite) and a zeolite (clinoptilolite) have been characterized and used for the removal of Pb(II) and Cd(II) ions from aqueous solutions using batch sorption experiments. Parameters such as the equilibrium time, the effect of pH and temperature were studied. The sorption capacities of the two sorbents were calculated by fitting the Langmuir adsorption model to the experimental data points. Metal ion sorption by zeolite [q 0 Pb(II) = 0.515 mmol/g, q 0 Cd(II) = 0.392 mmol/g] was higher than that by bentonite [q 0 Pb(II) = 0.436 mmol/g, q 0 Cd(II) = 0.381 mmol/g]. The removal of Pb(II) ions was much greater than that of Cd(II) ions under identical experimental conditions. The negative values of the Gibbs' free energy change (∆G 0 ) demonstrate the spontaneous nature of the sorption process with both sorbents, while the positive values of the enthalpy change (∆H 0 ) indicate that the sorption process was endothermic in nature.
INTRODUCTION
The increase in environmental pollution caused by toxic heavy metal ions (HMI) is of great concern because of their carcinogenic properties, their non-biodegradability and bio-accumulation (Lin and Juang 2002; Taha et al. 2001) . Sources of both cadmium and lead pollution include mining, agriculture, the combustion of fossil fuels, the metallurgical and electronic industries, and in the manufacture and disposal of batteries, paints/pigments, polymers and printing materials (Ahmed et al. 1998) . The concentration limits for the classification of hazardous waste-containing metals vary for different metals. The permissible limits for Cd(II) and Pb(II) ions are 1.0 mg/ᐉ and 0.01 mg/kg in water and soil, respectively (Bulut and Tez 2007a,b) .
Various treatment methods, such as chemical precipitation, membrane filtration, reverse osmosis, ion exchange and sorption, have been employed for the removal of heavy metal ions (Bulut and Tez 2007a,b; Kocadagistan et al. 2004; Anirudhan et al. 2001) . In this context, the use of low-cost materials (industrial, agricultural or urban residues) for removing heavy metal ions from contaminated industrial effluent has emerged as a potential alternative method to conventional techniques. For example, some of the non-conventional low-cost sorbents recently used for the removal of heavy metal ions are hazelnut shell, apple residues, banana pith, tree leaves, mandarin peels and rice polish (Pavan et al. 2006; Singh et al. 2005; Ghimire et al. 2003) .
Ion-exchange processes involve the replacement of toxic heavy metal ions in solution by more benign counterions that balance the surface charge of the solid exchanger. Aluminosilicates such as zeolites and clay minerals act as efficient porous-solid exchange media where the compensating cations (normally alkali or alkaline earth metal ions) are not rigidly fixed at specific locations (ion-exchange sites) within the hydrated structure and readily exchange with external cations in solution.
Zeolites are complex inorganic polymers based on an infinite three-dimensional, four-cornered network of AlO 4 and SiO 4 tetrahedra. The structure can be considered as arising from the isomorphous substitution in the crystal lattice of SiO 2 by Al. The tetrahedra are linked to each other through shared oxygen atoms to give rise to building blocks that are cubic, hexagonal, octagonal and polyhedral (van Bekkum et al. 2001; Breck 1974) . The AlO -4 units in the structure give rise to an overall negative charge for the framework. This is balanced by the cations that occupy non-framework positions and which are capable of being exchanged with other ions. Zeolites may be represented by the empirical formula M 2/n O • Al 2 O 3 • xSiO 2 • yH 2 O, where x is generally equal to or greater than 2, since AlO 4 tetrahedra are joined only to SiO 4 tetrahedra, and n is the valency of the cation. The ion-exchange capacity of a zeolite depends therefore on the framework Si/Al ratio and decreases as this ratio increases.
Bentonite is a clay mineral which possesses a net negative charge due to the existence of free valencies around the edges of the silica-alumina units. These give rise to uncompensated charges capable of being balanced by adsorbed cations. Substitution of trivalent aluminium ions for quadrivalent silicon within the lattice structure of the tetrahedral sheets and of ions of lower valency, particularly magnesium, for trivalent aluminium in the octahedral sheets results in uncompensated charges in the structural units of clay minerals (Ozturk et al. 2007; Breck 1974) . The above factors largely explain the good sorption properties of zeolites and bentonite towards heavy metal ions from aqueous solutions (Bhattacharyya and Gupta 2007; Rao et al. 2006; Shahwan et al. 2006; Faghihian and Bowman 2005; Erdem et al. 2004; Alvarez et al. 2003; Faghihian et al. 2003; Chakir et al. 2002; Inglezakis et al. 2002; Oste et al. 2002; Naseem and Tahir 2001; Nava et al. 1995) .
Because of its environmental significance, we have studied the sorption of Cd(II) and Pb(II) ions by zeolite and bentonite -which are very cheap and readily available materials -under different experimental conditions in order to ascertain their potential as sorbents for the removal of these metal ions from aqueous solutions. The effects of contact time, initial sorbate concentration and temperature on the removal of Cd(II) and Pb(II) ions were evaluated. The thermodynamic parameters were also calculated and are discussed.
EXPERIMENTAL

Materials and methods
The sorbents, zeolite and bentonite, were obtained from deposits in the Semnan region of Iran. All the substances used to prepare reagent solutions were of A.R. grade. Stock solutions of Cd(II) and Pb(II) ions (of 1000 mg/ᐉ concentration in each case) were prepared by dissolving a weighed quantity of the respective nitrate salts in distilled water.
Chemical analysis of natural bentonite was undertaken by X-ray fluorescence (XRF) using a Bruker S4 PIONEER spectrometer, X-ray powder diffraction (XRD) patterns were collected on a Bruker D8 ADVANCE X-ray diffractometer employing Cu Kα radiation. Specific surface areas were determined by the BET method using a Monosorb surface area analyzer. The chemical, mineralogical and physicochemical characteristics of the samples are summarized in Table 1 . Concentrations of cations in solution were analyzed via a Shimadzu atomic absorption spectrophotometer (AA670).
Batch sorption experiments
In each of a series of polyethylene bottles was placed a known volume (100 mᐉ) of an aqueous solution of a given metal nitrate with a concentration in the range 0.1-10.0 mM and its pH value adjusted to the desired level using HNO 3 or NaOH solution. An accurately weighed amount of bentonite or clinoptilolite (1.0 g) was then added to each such solution and the series of bottles agitated at a constant speed in a shaking water bath whose temperature was maintained at a constant pre-specified value. After a contact time of 24 h (the equilibrium time as determined by preliminary experiments), the solid phase was separated by centrifugation. The sorption extent was assessed by determining the concentration of metal ions left in the aliquot by atomic absorption spectroscopy. All experiments were carried out in duplicate.
RESULTS AND DISCUSSION
X-Ray diffraction
The X-ray diffraction patterns of the natural samples are depicted in Figure 1 . These indicate that the samples employed consisted primarily of montmorillonite and clinoptilolite, respectively. 
Effect of contact time
Sorption of the heavy metal ions onto the natural sorbents was investigated at time intervals within the range 2-24 h (at an initial concentration, C i , of 7.0 mM). The equilibration time necessary for sorption was found to be ca. 12 h. The effect of contact time on the sorption process is depicted in Figure 2 .
The results reveal that the rate of HMI sorption was higher at the start of the experiment. This was probably due to the large number of sorption sites available initially on the surfaces of the sorbents. However, as the number of the sites diminished due the sorption of HMI, the uptake rate was then controlled by the rate at which the adsorbate was transported from the exterior sites to the interior of the sorbent particles (DorrIs et al. 2000) . The maximum extent of HMI sorption was attained after ca. 12 h contact time. Hence, an equilibrium time of 12 h was selected for all further studies.
Effect of pH
The sorption of the two metal ions (at C i = 7.0 mM) was studied at varying pH values in order to determine the optimum pH range for their removal from aqueous solution. The results obtained are depicted in Figure 3 .
The data shown indicate that the maximum retention for both ions occurred within the pH range 6-7. The extent to which both ions were adsorbed diminished as the pH value decreased. The reason for this behaviour is attributed to competition with H + ions for the available sorption sites, the greater availability of H + ions in more acidic solutions thereby leading to the decrease in the retention of the ions studied. In addition, decreasing pH values decrease the probability of metal hydroxide precipitation. Furthermore, the structures of zeolites and clays -particularly those with low Si/Al ratios -may collapse in solutions with pH values below 3. In fact, such low pH values are not recommended for zeolites (Trgo and Peri 2003) . Hence, the loss of sorption capacity at lower pH can also be attributed to collapse of the sorbent structures. However, both zeolites and clays are very stable at higher pH values.
Sorption isotherm
Sorption data obtained under equilibrium conditions may be expressed in terms of the amount of metal ions adsorbed (mmol) per gram of sorbent, q, according to the relationship:
(1)
where C i and C e are the initial and equilibrium concentrations of the adsorbate (mmol/ᐉ), V is the volume of the solution (ᐉ) and m is the mass of sorbent employed (g).
The sorption isotherm can be described by the equation of Langmuir which can be written as:
( 2) where q 0 is the maximum sorption capacity of the sorbent (mmol/g) and K is the affinity constant (ᐉ/mmol). The Langmuir equation can be re-arranged to a linear form for the convenience of plotting and determining the Langmuir constants as:
( 3) In the present study, the equilibrium sorption data were fitted by the linear form of the Langmuir equation and the sorption parameters (q 0 , K and the degree of fit r 2 ) obtained are listed in Table 2 . In all cases, the degree of fit (r 2 ) for the linear regression fits were found to be > 0.99, indicating that the Langmuir sorption model provided a good fit for the experimental data for both ions studied. However, it will be noted from Table 2 that higher values of K were obtained for the sorption of both ions onto clinoptilolite relative to bentonite. The main sorption mechanism of the process is ion exchange and, accordingly, can be described as follows:
where A 2+ (Cd 2+ or Pb 2+ ) and B n+ (Na + or Ca 2+ ) are the exchanging cations and S refers to the ionexchange sites in the sorbent structure.
Many factors, such as the ionic radius of the hydrated ion and the hydration energy of the metal ion, influence the selectivity differences observed between one metal ion and another and from one system to another. In the present work, the radii of the metal ions considered [Pb(II) = 4.01 Å; Cd(II) = 4.26 Å (Nightingale 1959)] were larger than the sizes of the pore openings in the sorbents concerned (Kollar et al. 2003; Haggerty and Bowman 1994) . For this reason, it is suggested that partial dehydration of the hydrated heavy metal ions must have occurred in order to allow their sorption onto the sorbents concerned. Since the hydration energy of the Pb(II) ion is lower that that of the Cd(II) ion (1481 kJ/mol relative to 1807 kJ/mol) (Lv et al. 2005) , this could have facilitated the entry of hydrated Pb(II) ions into the sorbent pores relative to that of the Cd(II) ions, thereby leading to a greater selectivity for the Pb(II) ion relative to the Cd(II) ion.
Effect of temperature and thermodynamic parameters
The effect of temperature on the sorption of HMI onto the sorbents considered was studied by conducting experiments at 298, 303, 313, 323 and 333 K, respectively. were calculated from the slope and intercept of a plot of the values of ln K d against the reciprocal of the temperature (1/T) according to the equation (Sari et al. 2008) :
The values of the thermodynamic parameters thus obtained are listed in Table 3 . The low values recorded indicate that the interaction between the sorbent and the solute was physical in nature rather than involving chemisorption (Sari et al. 2008) . The positive values of ∆H 0 indicate that the sorption process was endothermic in nature, while the negative values of ∆G 0 indicate the spontaneous nature of the sorption process. Similarly, the positive values of ∆S 0 demonstrate the increased randomness at the solid/solution interface during the sorption process. This arises because adsorbed water molecules, which are displaced from the sorbent by the adsorbate species, gain a greater amount of translational energy than that lost by the adsorbate ions, thus increasing the randomness in the system. The increase in sorption at higher temperatures may be attributed to enlargement of the pore size and/or activation of the sorbent surface (Bulut and Tez 2007a,b). 
